e High-throughput phenotypic screening of chemical libraries has resulted in the identification of thousands of compounds with potent antimalarial activity, although in most cases, the mechanism(s) of action of these compounds remains unknown. Here we have investigated the mode of action of 90 antimalarial compounds derived from the Malaria Box collection using high-coverage, untargeted metabolomics analysis. Approximately half of the tested compounds induced significant metabolic perturbations in in vitro cultures of Plasmodium falciparum. In most cases, the metabolic profiles were highly correlated with known antimalarials, in particular artemisinin, the 4-aminoquinolines, or atovaquone. Select Malaria Box compounds also induced changes in intermediates in essential metabolic pathways, such as isoprenoid biosynthesis (i.e., 2-C-methyl-D-erythritol 2,4-cyclodiphosphate) and linolenic acid metabolism (i.e., traumatic acid). This study provides a comprehensive database of the metabolic perturbations induced by chemically diverse inhibitors and highlights the utility of metabolomics for triaging new lead compounds and defining specific modes of action, which will assist with the development and optimization of new antimalarial drugs.
M
alaria remains a major global health problem, and there is a pressing need to discover and develop new antimalarials. Traditional antimalarial drugs have been severely undermined by the emergence of drug-resistant strains and current treatments rely heavily on artemisinin-based combination therapies. Alarmingly, artemisinin resistance has arisen in Southeast Asia during the last decade, highlighting the urgent need for new antimalarials (1) . Extensive efforts to produce a malaria vaccine have met limited success and a pipeline of new antimalarial drugs will be required to mitigate extensive morbidity and mortality from malaria for the foreseeable future (2) .
High-throughput phenotypic screening of chemical libraries against the malaria parasite, Plasmodium falciparum, has provided a major step forward in the discovery of novel antimalarial compounds. Almost 30,000 compounds that selectively inhibit growth of cultured P. falciparum asexual red blood cell (RBC) stages have been identified in these screens, providing excellent starting points for the discovery of new antimalarial drugs (3) (4) (5) . A prioritized collection of these "hit" compounds, known as the Malaria Box, has been assembled by the Medicines for Malaria Venture (MMV) and provided free to the research community to facilitate this drug development pipeline (6) .
A key limitation to the further optimization of many of these compounds is the lack of information on their mode of action. While not essential for registration, information on the mode of action of inhibitors discovered in phenotypic screens will significantly accelerate drug development by allowing structure-based drug design, monitoring of activity, toxicity and resistance, and facilitation of rational clinical usage in combination with other medicines. Furthermore, in addition to providing active chemical scaffolds for medicinal chemistry optimization, these compounds are ideal chemical probes to determine which biochemical pathways are both essential to the parasite and amenable to chemical inhibition, thus facilitating discovery of druggable targets for P. falciparum.
Only limited studies have been performed in an attempt to identify the targets of Malaria Box compounds in P. falciparum. Screens against specific parasite proteins have identified inhibitors of kinesin-5 (7), thioredoxin reductase (8) , parasite aminopeptidases (9) , dihydrofolate reductase-thymidylate synthase (10) , and deoxyhypusine hydroxylase (11) . Analysis of the activity of these compounds in the presence of isoprenoid precursors has identified compounds that exert their action by inhibition of isoprenoid biosynthesis in the apicoplast (12) (13) (14) . A beta-hematin inhibition assay identified 10 compounds that inhibit the heme detoxification pathway (15) , and the activity of one compound appears to be related to autophagy (16) . Twenty-eight compounds in the Malaria Box were recently found to inhibit the parasite plasma membrane cation transporter, PfATP4, previously shown to be the tar-get of the antimalarial, spiroindolone, which is currently in clinical trials (17) . While these targeted approaches have been successful in identifying new chemical scaffolds that inhibit validated drug targets, there is clearly a need for complementary global, untargeted approaches that allow the identification of new drug targets and/or systematic triage and prioritization of antimalarial compound libraries.
Metabolomics has seen increasing application in the pharmaceutical industry in recent years and has proved useful in the drug discovery phase for investigating the mechanism of action for existing drugs and new drug candidates (18, 19) . The system-wide nature of metabolomics has enabled discovery of the mechanism of action of several antiprotozoal compounds (19) and has demonstrated mechanisms of action for a number of antimalarial compounds. Targeted metabolomics approaches demonstrated the metabolic perturbations induced by inhibitors of the polyamine pathway (20) , isoprenoid precursor biosynthesis (21) , and the mitochondrial electron transport chain (22) in P. falciparum. A widely targeted metabolomics approach recently revealed unique metabolic phenotypes for several currently used antimalarials, including dihydroartemisinin, chloroquine, atovaquone, pyrimethamine, cycloguanil, and proguanil (23) . These studies demonstrate that the metabolic perturbations induced by antimalarial compounds are related to their specific mechanisms of action and provide a basis for further extrapolation of this technique to the investigation of novel compounds.
Recent developments in high-resolution mass spectrometry and the associated data analysis tools have enabled the application of untargeted metabolomics to cell culture systems, including P. falciparum (24, 25) . These untargeted metabolomics techniques have already been used to identify mechanisms of action for novel drug candidates in other protozoan pathogens (26) (27) (28) , providing an unbiased, hypothesis-free approach to reveal the actions of novel antiparasitic compounds with no known target, such as those found in the Malaria Box.
This study applies untargeted metabolomics to reveal the metabolic perturbations induced by 100 compounds in P. falciparuminfected red blood cells (iRBCs) in vitro. These data allow clustering of compounds based on similarities with existing antimalarial drugs that have characterized mechanisms of action and identify several novel metabolic pathways associated with specific compounds in the Malaria Box.
MATERIALS AND METHODS

Cell culture and drug incubations for LC-MS metabolomics analysis.
Asexual P. falciparum (3D7) parasites were cultured by the method of Trager and Jensen (29) , with minor modifications, using human RBCs (Australian Red Cross Blood Service) at 3% hematocrit in modified RPMI medium containing hypoxanthine and 0.5% (wt/vol) Albumax (Gibco) at 37°C under a defined atmosphere (95% N 2 , 4% CO 2 , 1% O 2 ). Parasites were synchronized with 5% (wt/vol) sorbitol twice at an interval of 14 h and cultured for a further 58 h to ensure that all experiments were performed on mid-trophozoite stage cultures (ϳ30 h postinfection) at 7 to 8% parasitemia. Cultures (200 l) were incubated with test compounds (1 M) for a further 5 h (i.e., from 30 to 35 h postinvasion) in 96-well plates. Four replicate incubations of each compound were conducted and analyzed. Untreated controls contained equivalent amounts of dimethyl sulfoxide (DMSO; as a vehicle), and additional "quench test" controls were prepared whereby the test compounds were added after the quenching step to allow detection of test compound-derived liquid chromatographymass spectrometry (LC-MS) features that did not arise from biochemical metabolism within the cells. Each plate contained 10 or 20 test compounds in addition to positive controls (artemisinin and/or atovaquone) and negative controls (untreated DMSO and quench test controls described above). Incubations and extractions for the 100 test compounds (10 compounds with known antimalarial activity and 90 of the highestpriority compounds from the Malaria Box, including all of plate A and the first row of plate B) were performed in three separate batches, with the known antimalarial compounds and first 10 Malaria Box compounds in the first batch, the next 40 Malaria Box compounds in the second batch, and the following 40 Malaria Box compounds in the third batch.
Metabolite extraction for LC-MS metabolomics analysis. After 5 h of incubation, culture medium was removed by aspiration, and the metabolism of the settled iRBCs was quenched by the addition of ice-cold phosphate-buffered saline (PBS). Subsequent steps were performed on ice. Cells were pelleted by centrifugation for 5 min at 1,000 ϫ g, and the PBS supernatant was removed prior to the addition of 135 l methanol (containing the internal standard compounds CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, CAPS [N-cyclohexyl-3-aminopropanesulfonic acid], and PIPES [piperazine-N,N=-bis(2-ethanesulfonic acid)]) and rapid mixing by pipetting three times to extract iRBC metabolites. Samples were left on ice with gentle agitation for 60 min and then centrifuged at 3,000 ϫ g to remove the insoluble material. Supernatants were transferred to glass high-performance liquid chromatography (HPLC) vials and stored (Ͻ4 months) at Ϫ80°C until analysis. An aliquot (10 l) of each sample was combined to generate a pooled biological quality control (PBQC) sample, which was used to monitor downstream sample stability and analytical reproducibility and for metabolite identification purposes.
LC-MS metabolomics analysis. Metabolite analysis was performed by LC-MS, using hydrophilic interaction liquid chromatography (HILIC) and high-resolution (orbitrap) MS. Samples (10 l) were injected onto a Dionex RSLC U3000 LC system (Thermo) fitted with a ZIC-pHILIC column (5 m, 4.6 by 150 mm; Merck) and 20 mM ammonium carbonate (A) and acetonitrile (B) as the mobile phases (30) . A 30 min gradient starting from 80% B to 40% B over 20 min, followed by washing at 5% B for 3 min and reequilibration at 80% B, was used (23) . Mass spectrometry utilized a Q-Exactive MS (Thermo) with a heated electrospray source operating in positive and negative modes (rapid switching) and a mass resolution of 35,000 from m/z 85 to 1,050. The instrument was cleaned (source only) and calibrated on a weekly basis, with a mass accuracy of Ͻ2 ppm. Conditioning was performed before each batch by using 2 or 3 blanks, 5 mixtures of authentic standards (234 metabolites), and 2 pooled extracts, which were analyzed in a data-dependent tandem mass spectrometry (MS/MS) mode to facilitate downstream metabolite identification where necessary. PBQC samples were analyzed periodically throughout each batch and all batches were analyzed sequentially, with the exception of the batch containing compounds A2 to A11, which was analyzed ϳ1 month after the other batches. Samples within each batch were sorted according to blocks of replicates and randomized to avoid any impact of systematic instrument drift on metabolite signals. Retention times for all authentic standards were checked manually for each batch to aid metabolite identification.
Data analysis for LC-MS metabolomics analysis. Metabolomics data were analyzed using IDEOM. Briefly, this involves conversion of raw files to mzXML with msconvert (31), extraction of LC-MS peak signals with the Centwave algorithm in XCMS (32) , alignment of samples and filtering artifacts with mzMatch (33) , and additional data filtering and metabolite identification (34) . All parameters are included in the supplemental IDEOM file (see Data Set S1 in the supplemental material). Manual inspection of total ion chromatograms allowed exclusion of outlier samples, which accounted for only 4% of the 500 samples analyzed. Additional manual data filtering was performed to remove features with very low quality chromatographic peaks, features that were not reliably detected across replicates, and signals that arose directly from the test compounds.
Metabolite identification (level 1 confidence according to the Metabolomics Standards Initiative [MSI] ; confidence score of 10 in the IDEOM file in Data Set S1 in the supplemental material) was based on accurate mass and retention time for metabolites that were present in the standard mixture. Other features were putatively annotated (MSI level 2) based on accurate mass and predicted retention time using the IDEOM database (35) . The final data set consisted of 460 putatively identified metabolites, from a total of ϳ1,500 unique mass features. The annotated metabolites were consistently detected across batches, whereas many of the unidentified features appear to be contaminant signals that were specific to certain batches or samples. Metabolite abundance was determined by LC-MS peak height and is normalized to the average for untreated samples from the same plate. Statistical analyses utilized Welch's t test (␣ ϭ 0.05) and Pearson's correlation (Microsoft Excel), as well as hierarchical clustering analysis (HCA) and principal-component analysis (PCA) using the Metabolomics package in R (36) . All LC-MS data are included in the supplemental material (see Data Set S1; the full IDEOM file is available at https://dx.doi.org/10.4225/03/57A80CE1503CD) and were deposited in the NIH Metabolomics Workbench under accession no. 650.
GC-MS analyses for Malaria Box screening. Synchronized mid-trophozoite stage (ϳ32 h postinvasion) cultures (2 ml containing 10% parasitemia at 4% hematocrit) were treated with test compounds (1 M), chloroquine (1 M, positive control), and DMSO (0.1% [vol/vol], negative control) in triplicate 24-well plates and incubated for 12 h. After incubation, cells were washed with cold HEPES-buffered saline (20 mM HEPES, 20 mM MES [morpholineethanesulfonic acid], 154 mM NaCl) and the metabolites were extracted as described previously (37) . Polar metabolite extracts were transferred and dried in a gas chromatography (GC) vial insert, washed twice with methanol, and derivatized by methoximation and trimethylsilylation prior to GC-MS analysis (37) . GC-MS data were analyzed using IDEOM with default settings for GC-MS analysis with low-resolution MS (34) (see Data Set S2 in the supplemental material). Seventy metabolites were identified based on the unique fragmentation profiles and retention time and validated using authentic standards. All metabolite peak intensities were subjected to natural logarithmic transformation (36) , and the data were normalized to data for untreated samples in each plate. Pearson's correlation and Student's t test (Microsoft Excel; ␣ ϭ 0.05), as well as HCA (Metabolomics package in R), were performed for statistical analyses.
Bicarbonate labeling of pyrimidine pathway intermediates. Parasite enrichment was performed using a custom-made magnetic apparatus (38) and LD columns (Miltenyi Biotec, Bergisch Gladbach, Germany) to obtain Ͼ95% purity of mid-trophozoite stage- (23) . LC-MS data were processed using MAVEN (39) . Metabolite peaks were identified by accurate mass and retention time, and the area top was used to calculate the abundance and fractional labeling. Each compound was tested in duplicate within experiments and independently repeated at least twice.
Analysis of activity in yeast DHODH mutant strain. The dihydroorotate dehydrogenase (DHODH) coding sequence from Saccharomyces cerevisiae (yDHODH) was amplified from the plasmid pUF1-Cas9 (40) with the primers DHODH_F (ATATCAGCTCGAGGTCCCATGGCAG CCAGTTTAACT) and DHODH_R (TTAAATCTGCAGTTAAATGCTG TTCAACTTCCCA), digested with XhoI and PstI, and ligated into the human dihydrofolate reductase (hDHFR)-selectable plasmid pEF-Luc-GFP-HA (41) digested with the same enzymes. The yDHODH plasmid was then electroporated into erythrocytes that were fed to P. falciparum 3D7 parasites and selected with 2.5 nM WR99210 as described previously (42) . The transgenic yDHODH-expressing parasites were maintained under drug pressure (2.5 mM WR99210) and washed once with RPMI medium to remove WR99210 prior to drug activity assays. A fluorescencebased assay was performed to compare the levels of inhibition of parasite growth on wild-type 3D7 and transgenic yDHODH-expressing clones, using the SYBR green I assay described previously (43) , with minor modifications as follows: synchronized ring stage cultures (0.5% parasitemia at 2% haematocrit) were seeded into 96-well plates containing 2-fold serial dilutions of tested compounds, DMSO (0.1% [wt/vol], untreated control), and chloroquine (250 nM, positive control) and incubated for 48 h. After incubation, cells were lysed and stained with SYBR green I (0.1 l/ml). Fluorescence was assessed with a plate reader (FLUOstar Omega; BMG Labtech), with excitation and emission wavelengths of 485 and 590 nm, respectively. Each compound was tested in duplicate within experiments, and experiments were independently replicated at least three times.
RESULTS AND DISCUSSION
We have established a robust, medium-throughput, high-coverage metabolomics screen to investigate the mode of action of novel antimalarials and used this approach to analyze 90 compounds from the MMV Malaria Box collection (6) . The key features of the screen are the use of the 96-well format, the analysis of unfractionated cultures, and the use of high-sensitivity LC-MS to reproducibly detect 460 putative metabolites from a range of metabolic pathways. Initial multivariate analysis of the raw data revealed significant batch effects, which are largely unavoidable in large metabolomics studies (36) and may be due to a combination of factors, including the batch of erythrocytes used for culture, subtleties of the cell preparation and incubation conditions (although this was tightly controlled), and the response of the LC-MS system. Normalization of data based on the untreated control samples in each plate minimized the impact of batch effects on the overall structure of the data ( Fig. 1; see Fig. S1 in the supplemental material). After normalization, systematic variation was still observed in a small subset of drug treatments (Malaria Box compounds D2 to D10 in plate A) as a result of the decreased abundance of ϳ10% of the metabolites. The reason for this systematic variation is not clear but may reflect slight differences in culture incubation conditions, as the analytical quality control procedures indicated no systematic change in LC-MS response for these samples. These data have been retained in the data set, as they did not obscure the detection of drug-induced perturbations. The majority of metabolites in the final normalized data set showed consistent responses across the 500 samples, which allowed treatment-specific metabolic perturbations to be observed (Fig. 1B) .
Known drugs and inhibitors. Trophozoite stage P. falciparum cultures were incubated with test compounds (1 M) for 5 h, in order to identify early drug-induced changes in metabolism that preceded nonspecific cell death. Hierarchical clustering analysis (HCA) of LC-MS metabolite data from samples treated with the known drugs revealed clustering of replicates for each of the compounds with submicromolar activity (Fig. 2A) . In particular, chloroquine and piperaquine clustered closely together, confirming a conserved mechanism of action for these related 4-aminoquinoline compounds. The major perturbation induced by the quinolines was the accumulation of a subset of dipeptides (Fig. 2B) . Artemisinin also induced significant changes in a number of small peptides, although these changes were clearly different from the perturbations induced by the quinolines (Fig. 2B) . Methylene blue revealed a metabolic fingerprint similar to that of artemisinin but also induced accumulation of the pentose phosphate pathway metabolites, ribose 5-phosphate and sedoheptulose 7-phosphate, consistent with the proposal that this compound may induce oxidative stress (44) . As expected, atovaquone induced selective changes in metabolites involved in pyrimidine biosynthesis (22, 23) . The increase in levels of N-carbamoyl-L-aspartate and dihydroorotate in atovaquone-treated cultures reflects the indirect inhibition of dihydroorotate dehydrogenase activity following primary inhibition of ubiquinol oxidation by the cytochrome bc 1 complex (22) . Interestingly, primaquine and the metabolic inhibitors, buthionine sulfoximine, 2-deoxyglucose, compound 3361 (45) , and sodium fluoroacetate did not elicit reproducible metabolic fingerprints under these conditions ( Fig. 2A) . However, the growth inhibition IC 50 s for each of these compounds against P. falciparum are all greater than the 1 M concentration used for this screen (see Table S1 in the supplemental material). These results confirm the capability of this methodology to detect relevant metabolic changes resulting from drug treatment rather than nonspecific metabolic variance at subtherapeutic drug concentrations.
Multivariate analysis reveals compounds that induce artemisinin-like metabolic disruption. Ninety representative Ma- laria Box compounds were screened using untargeted metabolomics under the same conditions as described above (1 M for 5 h). This compound collection includes 40 "probe-like" compounds and 40 "drug-like" compounds deemed as high priority during compilation of the Malaria Box (6) . A multivariate analysis of the LC-MS metabolomics data set using principal-component analysis (PCA) did not reveal any treatment-specific perturbations in the first two principal components, indicating that stochastic biological and experimental variation accounted for the greatest component of variance in the full data set. Interestingly, the plot of scores revealed grouping of replicates from 13 Malaria Box compounds with artemisinin in the third principal component (PC3) (Fig.  3A) . Four of the Malaria Box compounds (C11, MMV665878; E3, MMV000642; F6, MMV006429; H3, MMV000662) (Fig. 3B ) that clustered along this third principal component induced greater metabolic perturbation than artemisinin (Fig. 3C) . Nine other Malaria Box compounds induced the same metabolic phenotype, albeit with less-pronounced changes to metabolite levels, as seen by clustering in PC3 and a positive Pearson correlation coefficient for a metabolome-wide correlation with artemisinin ( Table 1) . The 40 metabolites with highest loadings in PC3 revealed significant depletion of diverse metabolites, including peptides, nucleotides, lipids, and sugars (Fig. 3C) . The greatest decreases were observed for specific dipeptides (annotated as PD, PA, PK, YQ, and GD), which likely arise from disruption of hemoglobin breakdown, as well as the metabolites pipecolate and lactate. No metab- 3 or 4) . Clustering of replicates was observed for the most potent antimalarials: chloroquine (yellow), piperaquine (orange), artemisinin (green), methylene blue (aqua), and atovaquone (dark blue). Other samples included primaquine (brown), 2-deoxyglucose (light blue), sodium fluoroacetate (pink), buthionine sulfoximine (purple), compound 3361 (red), and DMSO controls (maroon). (B) Relative abundance (mean peak height Ϯ standard deviation, expressed relative to an untreated control; n ϭ 3 or 4) of significantly perturbed metabolites (␣ ϭ 0.05) following treatment with chloroquine, piperaquine, atovaquone, methylene blue, or artemisinin (note that SK, SS, and NR were not detected in the untreated control and are expressed relative to a minimum detectable intensity of 10,000). DHO, dihydroorotate; C-Asp, N-carbamoyl-L-aspartate; S7P, sedoheptulose 7-phosphate; R5P, ribose 5-phosphate; other metabolites are dipeptides as indicated.
olites were significantly increased in abundance for any of the compounds in this cluster, although choline phosphate accumulated significantly in D11 (MMV665831) and artemisinin-treated parasites (see Fig. S2 in the supplemental material) and dihydroxyacetone phosphate (DHAP) levels were higher for the four most potent compounds (C11, E3, H3, and F6). The perturbations observed for compounds in this cluster are consistent with, and expand on, the pathways observed in our previous metabolic analysis of dihydroartemisinin action (23) , reflecting the increased feature detection achieved with untargeted high-massresolution MS.
The specific mode of action of the artemisinins is a matter of debate but is thought to involve iron-mediated activation of the peroxide bond to produce free radicals that induce nonspecific parasite damage (46) . The significant impact of artemisinin on intracellular levels of hemoglobin peptides and other metabolites a Pearson correlation between relative metabolite abundances for compounds compared to artemisinin (using average values from the three independent artemisinin experiments), quinolines (using average values from chloroquine and piperaquine experiments), and atovaquone (using average values from the three independent atovaquone experiments). Positive correlations (r Ͼ 3) are shown in bold. b Abundance of metabolites based on GC-MS peak area relative to that of untreated control. Statistically significant changes are shown in bold (Student's t test; ␣ ϭ 0.05, n ϭ 4). ctrl, control; ND, not determined.
is consistent with specific inhibition of hemoglobin digestion and nonspecific inhibition of a number of pathways. However, it is notable that the 13 Malaria Box compounds that induced a metabolic phenotype similar to that of the artemisinins are structurally unrelated and do not possess the endoperoxide moiety that is critical for artemisinin activity. Interestingly, the four compounds in this PC3 cluster that had the greatest impact on metabolism are structurally related to each other and are analogues of the dihydroisoquinolone SJ733, which targets the cation ATPase PfATP4 and is currently undergoing preclinical development (Fig. 3B ) (47) . These four compounds, in addition to B2 (MMV006427; which also clusters in PC3), were previously shown to inhibit PfATP4, suggesting a conserved mode of action (17) . Interestingly, two structurally distinct PfATP4 inhibitors, H8 (MMV011567) and H10 (MMV665805) (chemotype II according to Lehane et al. [17] ), did not induce significant metabolic disruption under the conditions tested here. Both the artemisinins and the PfATP4 inhibitors are potent, rapid-acting antimalarials. While it is possible that the Malaria Box compounds that cluster with artemisinin in PC3 share a similar mode of action, we propose that this metabolic profile may be a feature of compounds that rapidly mediate cell death rather than an indicator of a specific drug target or pathway. It is also notable that the PC3 score of these compounds did not correlate with the published EC 50 for these compounds against asexual P. falciparum iRBCs in vitro. However, standard 50% effective concentration (EC 50 ) assays measure parasite growth over 48 or 72 h, and our assay involving a 5-h treatment will likely exhibit a bias toward detecting changes induced by fast-acting parasiticidal compounds. We therefore propose that all of the compounds in this "artemisinin-like" cluster lead to rapid, significant, and widespread disruption of parasite metabolism and may therefore represent promising starting points for the discovery of novel, rapidacting parasiticidal drug candidates.
A complementary GC-MS-based metabolomics analysis was performed after incubation with test compounds for 12 h, which allowed analysis of 70 metabolites from central metabolic pathways. Although this analysis did not reveal the extent of metabolic perturbation observed in the LC-MS study, distinct clustering was still observed in HCA analysis (see Fig. S3 in the supplemental material), with pipecolate and putrescine depletion contributing to the clustering of many of these artemisinin-like compounds in the GC-MS data set (Table 1) . Unlike the LC-MS data set, this cluster also included quinoline-like compounds (see below) and chemotype II PfATP4 inhibitors (H8 and H10), which may reflect a slower onset of antiparasitic activity detected following the longer incubation in this study design.
Malaria Box compounds with a quinoline-like profile. Univariate analysis of the LC-MS data set was systematically performed across all treatments to identify unique metabolic perturbations associated with specific compounds. Six of the Malaria Box compounds resulted in extensive accumulation of a subset of peptides, which were also significantly accumulated in chloroquine-and piperaquine-treated cultures (Fig. 4) . These peptides were putatively identified as SK, SS, SR, PG, NR, PN, and DRLK. As data-dependent MS-MS confirmation was not obtained due to the low absolute abundance of these peptides, other isomeric sequences are possible. Interestingly, chloroquine resistance has previously been shown to be associated with perturbations in hemoglobin-derived peptides (48) . However, none of the peptides reported in the chloroquine resistance study accumulated in the quinoline-treated cultures. Unexpectedly, only two of the unique peptides detected following quinoline treatment could have been derived from hemoglobin, SK (or KS) and NP (or PN). The precise source of each peptide cannot be determined from such short sequences, but neither SS, SR, GP, nor NR (or their isomers) is present in the sequence of hemoglobin. The accumulation of these peptides suggests that the quinolines and related Malaria Box compounds are selectively inhibiting specific aspects of protein degradation and that hemoglobin metabolism itself does not appear to be the primary target. The possibility that these compounds interfere with protein degradation was supported by increased levels of the modified amino acid dimethylarginine (DMA) following treatment. Methylation of arginine normally only occurs on intact proteins, and increased levels of DMA most likely reflects increased protein turnover. The accumulation of these seven peptides and DMA was specific to only 6 of the 90 tested Malaria Box compounds, and these metabolites were either not detected or not significantly perturbed in samples from the other 84 compounds. The high correlation of metabolite abundances for these six compounds (E7, E5, C9, C10, B8 and C4) ( Table 1 ) with chloroquine and piperaquine suggests that they act by a conserved mechanism. The quinoline-like activity of these six compounds is not surprising, as two of these structures are quinolines, two contain tricyclic quinoline-like moieties, and the other two possess substituted planar heteroaromatic ring systems that may align with the quinoline pharmacophore (Fig. 4) .
Malaria Box compounds that inhibit pyrimidine biosynthesis. A significant number of Malaria Box compounds induced changes in pyrimidine biosynthesis. Specifically, nearly one quarter of the compounds tested increased intracellular levels of pyrimidine intermediates N-carbamoyl-L-aspartate and dihydroorotate (Fig. 5A ). These two metabolites are present in P. falciparum at concentrations near the lower limit of detection in untreated cultures, but the corresponding LC-MS peaks increased 2-to 100-fold following incubation with each of these specific compounds. This metabolic perturbation is strikingly similar to that observed for atovaquone and is consistent with inhibition of dihydroorotate dehydrogenase (DHODH) (Fig. 5B) . A significant increase in 4-aminobutanoate (GABA) was also observed, but few other metabolites were affected by these compounds. Pearson correlation of all metabolite abundances confirmed the high correlations between these Malaria Box compounds and atovaquone (r Ͼ 0.7) ( Table 1 ). This correlation was predominantly associated with the N-carbamoyl-L-aspartate and dihydroorotate levels.
The identification of these compounds with metabolic phenotypes indicative of pyrimidine synthesis inhibition was further confirmed in the GC-MS data set. Although GC-MS is not suited to the detection of N-carbamoyl-L-aspartate or dihydroorotate directly, the accumulation of GABA was confirmed. In addition, atovaquone-induced fumarate accumulation was observed in the GC-MS data, consistent with our previous report (23) (note that the fumarate signal was discarded from this LC-MS data set due to coelution with an isobaric malate fragment). Significant accumulation of fumarate and/or GABA was observed by GC-MS for 17 of the pyrimidine synthesis inhibitors that were identified with the LC-MS platform ( Table 1) .
The mechanism of inhibition of pyrimidine biosynthesis was further confirmed by stable-isotope labeling of enriched trophozoite stage iRBCs with [ 13 C 1 ]bicarbonate for 2 h. In agreement with our previous work (23), incubation with atovaquone induced significantly lower 13 C incorporation into UMP than was observed in untreated iRBCs, while labeling of the accumulated precursors N-carbamoyl-L-aspartate and dihydroorotate was not inhibited (Fig. 5C) . Analysis of representative pyrimidine biosynthesis inhibitors from the Malaria Box revealed the same specific reduction in labeling of UMP and confirmed the accumulation of N-carbamoyl-L-aspartate and dihydroorotate, demonstrating functional inhibition of DHODH activity by structurally diverse compounds G8 (MMV666693, an atovaquone analogue), G7 (MMV011256, a DSM265 analogue), and G5 (MMV019258, a unique chemotype).
Additional growth inhibition assays in P. falciparum expressing yeast DHODH (yDHODH) were performed in order to determine whether inhibition of pyrimidine biosynthesis is responsible for the antimalarial activity of compounds in this cluster. Unlike DHODH in P. falciparum, the yDHODH is located in the cytosol and is not dependent on reduced ubiquinone derived from the mitochondrial electron transport chain (49) . Therefore, parasites expressing yDHODH are resistant to the antimalarial compounds that act by inhibition of DHODH, either directly or via mitochondrial inhibition. Indeed, these transfectant parasites were resistant to most of the Malaria Box compounds that were predicted to act by inhibition of pyrimidine biosynthesis ( Fig. 5D ; see Table S2 in the supplemental material), whereas no change in the EC 50 was observed for representative compounds from the "artemisininlike" and "quinoline-like" clusters (see Table S2 ). This finding provides independent validation that the metabolomics screening approach was able to successfully identify the mode of action for compounds that target pyrimidine biosynthesis. Interestingly, two compounds from the "atovaquone-like" cluster (F2 and H7) exhibited similar EC 50 s in the wild-type and yDHODH strains (see Table S2 ), suggesting that inhibition of pyrimidine synthesis is not the primary mode of action for these two compounds. F2 (MMV666023) was also identified in independent screens for inhibitors of deoxyhypusine hydroxylase (11) and metalloaminopeptidase activity (9) . This compound is very hydrophobic (logP, 8.7) and contains an azo group, which has previously been identified as a problematic feature in high-throughput screens (50) . Although pyrimidine biosynthesis inhibition is the predominant metabolic impact of F2, it is likely that the chelating ability of this compound is responsible for inhibition of multiple targets within the cell, indicating a pleiotropic mechanism of action for F2 that cannot be rescued by yDHODH alone.
The high prevalence of the atovaquone-like metabolic phenotype in the Malaria Box collection may be a reflection that pyrimidine biosynthesis is a critical aspect of metabolism in P. falciparum and is an attractive drug target, either through direct or indirect inhibition. As for atovaquone, it is likely that this metabolic phenotype will be observed for all compounds that inhibit early complexes in the electron transport chain or potentially other aspects of mitochondrial metabolism. Direct inhibition of DHODH is a validated drug target, and the triazolopyrimidine DHODH inhibitor DSM265 is currently in early stage clinical testing (51) . Three of the compounds in the first plate of the Malaria Box are close structural analogues of DSM265 (A7, B11, and G7) (see Fig. S4 ). All three of these triazolopyrimidines induced this atovaquone-like metabolic phenotype, confirming that direct inhibition of DHODH induces the same metabolic perturbation as the indirect inhibition observed with atovaquone. In addition, four other compounds in this cluster appear structurally related to DSM265, including another triazolopyrimidine (E2), a triazolothiadiazole (E11), and two pyrazolopyrazines (A4 and D4), which may also target DHODH directly. No close analogues of atovaquone are present among these Malaria Box compounds, but eight compounds in this pyrimidine synthesis inhibitor cluster are structurally related benzoxazinones (G8 and E6), oxoquinolines (C3 and G10), hydroxyquinolines (G2 and H6), oxoquinazolines (MB2_A4), or benzodiazoles (B6), and further studies are warranted to determine whether these analogues also target cytochrome bc 1 . Importantly, several unrelated chemotypes are also present in this cluster, indicating that pyrimidine biosynthesis can be inhibited, either directly or indirectly, by unique molecules that would be unlikely to be af- Table 1 for MMV identifiers). (B) Simplified schematic of the de novo pyrimidine biosynthesis pathway indicating the targets of atovaquone and DSM265. (C) 13 C enrichment from [ 13 C 1 ]bicarbonate in pyrimidine intermediates following 2 h of treatment with atovaquone, G5, G7, and G8, expressed as the percent difference from drug-free controls. Metabolite abundance in these samples, relative to drug-free controls, is shown in the lower panels. (D) Concentration-response profiles for representative pyrimidine biosynthesis inhibitors and atovaquone in 48-h growth inhibition assays using wild-type 3D7 (blue) and yDHODH-expressing (red) P. falciparum iRBCs.
fected by mutations in the target proteins that confer resistance to atovaquone or DSM265 (51, 52) . Identification of a specific inhibitor of isoprenoid precursor biosynthesis. In addition to the alignment of metabolic profiles with those induced by treatment with existing antimalarial drugs, unique metabolic disturbances were observed that might reveal novel mechanisms of action. Treatment with D6 (MMV008138) led to the selective decrease in abundance of a metabolite annotated as 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (cMEPP). Decreased cMEPP levels were not induced by other Malaria Box compounds, with the exception of the four compounds that induced widespread metabolic disruption (C11, E3, H3, and F6)
FIG 6
Relative abundance (LC-MS peak height on log scale) of 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (A), traumatic acid (B), and linoleic acid (C) in P. falciparum-infected erythrocytes after treatment with each compound (mean Ϯ standard deviation, n ϭ 4). The standard deviation is not shown if it was beyond the lower axis limit). (Fig. 6A) . cMEPP is an intermediate in isopentenyl diphosphate (IPP) biosynthesis and is synthesized by the apicoplast-targeted enzyme 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (IspF), the fifth enzyme in the IPP pathway. The depletion of cMEPP indicates that D6 may be an inhibitor of IspF itself or may affect other steps of the IPP pathway. Enzymes involved in IPP biosynthesis are validated drug targets and existing IPP inhibitors, such as fosmidomycin (inhibitor of 1-deoxyxylulose 5-phosphate reductoisomerase), also lead to depletion of cMEPP (21) . Recent studies have provided independent confirmation that D6 inhibits IPP biosynthesis (12) (13) (14) . Bowman et al. (12) utilized an isoprenoid-supplemented culture medium to test the activity of Malaria Box compounds and identified D6 as the only compound that displayed reduced activity in the supplemented medium compared to that in standard culture conditions. Wu et al. (13) replicated this and went on to show that D6 directly inhibits 2-Cmethyl-D-erythritol 4-phosphate cytidylyltransferase (IspD), the third enzyme in the IPP pathway, and that IspD mutation confers resistance to this compound. Imlay et al. (14) confirmed these findings and showed that D6 competes with the CTP-binding site of IspD. These studies confirm that D6 targets the production of IPP intermediates in the apicoplast and provide independent evidence for the mechanism of cMEPP depletion observed in this metabolomics screen.
Inhibition of unique aspects of parasite fatty acid metabolism. Treatment with C7 (MMV665915) also resulted in a unique metabolic signature. Specifically, treatment with C7 led to a 10-fold depletion of a metabolite (Fig. 6B) with the molecular formula C 12 H 20 O 4 . The accurate mass and LC retention time of this metabolite are consistent with it being traumatic acid, which has previously been identified in P. falciparum (53) . Traumatic acid is an end product of the plant-like alpha-linolenic acid (ALA) pathway in P. falciparum, although the function of traumatic acid in Plasmodium is not known (53) . The specific depletion of traumatic acid in parasites treated with C7 suggests that enzymes in this pathway are potential drug targets. Few other metabolites were perturbed in C7-treated samples. The significant (ϳ2-fold) decreases in polyunsaturated lipids [phosphatidylcholines PC(38:4) and PC(36:3), phosphatidylethanolamines PE(36:4) and PE (38:5) , and phosphatidylserine PS(20:4)] may be related to perturbations in the ALA pathway but should not be overinterpreted, as these represent only a small fraction of the polyunsaturated phospholipids in the data set and the phospholipid responses exhibit some inherent variability as they elute in the solvent front of this HILIC analytical method. On the other hand, the C7-induced depletion of traumatic acid was consistent between the four replicates and unique to C7. E4 (MMV666600) was the only other compound to induce significant depletion of traumatic acid, albeit to a lesser extent. The abundances of the ALA precursor for this pathway [annotated as FA (18:3) in the IDEOM file in Data Set S1 in the supplemental material] and the alternative end product of ALA metabolism, jasmonic acid, were not altered, indicating that C7 specifically inhibits the traumatic acid branch of the ALA pathway. Further targeted lipidomic studies are required to elucidate the impact of C7 (and E4) on ALA metabolism in greater detail.
The Malaria Box compound P2_A3 (MMV000634) also induced specific depletion of polyunsaturated fatty acids, in this case FA(18:2) (linoleic acid) (Fig. 6C) . This perturbation was unique to P2_A3 and was not associated with changes to levels of other metabolites. It is difficult to determine the mechanism responsible for this effect, but it is possible that P2_A3 inhibits fatty acid uptake, or phospholipase activity, as P. falciparum appears to lack the specific desaturase enzyme responsible for biosynthesis of linoleic acid (54) .
Impact of other compounds on metabolism. Of the 90 Malaria Box compounds tested, approximately half induced metabolic profiles that correlated with either artemisinins, quinolines, or atovaquone. Aside from the IPP and ALA pathways mentioned above, few perturbations unique to other pathways were observed. The remaining compounds did not induce detectable metabolic changes that might be associated with their antimalarial activity. There are several reasons that might explain the lack of observable effects for those compounds: (i) the mechanism of antimalarial activity may be unrelated to metabolism, as drugs that target the cell through DNA, RNA, or protein synthesis, protein-protein interactions, signaling, structure, ion channels, or trafficking may not directly impact levels of endogenous metabolites in the short term; (ii) the duration (5 h) and concentration (1 M) may not be sufficient to induce metabolic changes; (iii) the compound may act predominantly at a stage of the cell cycle different from that of the trophozoite stage tested here; or (iv) metabolites perturbed by test compounds may have been below the limit of detection (or were not reproducibly detected) with these experimental methods. The selected conditions with a predefined drug concentration and duration of incubation, in cultures with 8% parasitemia and 3% hematocrit in 96-well plates, provided the optimal balance of throughput and sensitivity for this screening approach. Nevertheless, further work utilizing a more extensive experimental methodology involving time course, dose-response studies of enriched parasites with stable isotope labeling and by using methods such as those described recently (23) may reveal additional metabolic effects of the Malaria Box compounds. Furthermore, the addition of reversed-phase LC-MS to the HILIC platform described here would enhance the detection of lipid metabolites, providing additional information about the metabolic effects of these compounds.
Conclusions. The medium-throughput, high-coverage metabolomics screen described here provides extensive information regarding the impact of Malaria Box compounds on parasite metabolism. Interestingly, half of the tested compounds elicited metabolic profiles analogous to three known classes of antimalarials, namely, the artemisinins, the quinolines, and atovaquone. These findings suggest that many compounds identified in these phenotypic screens may directly or indirectly inhibit a disproportionately small number of cellular processes. The finding of a potential metabolic signature for artemisinin-like fast-acting drugs is of particular interest in terms of triaging new compounds. A number of new chemotypes which were linked to highly specific metabolic perturbations were observed, implicating them as inhibitors of nucleotide and lipid metabolism pathways. These data are freely available (in the supplemental material and in the NIH Metabolomics Workbench under accession no. 650) and should assist further mechanistic studies and prioritization of these compounds for the development of new antimalarial drugs. 
